The functional human adenine phosphoribosyltransferase (APRI) gene is <2.6 kilobases in length and contains five exons. The amino acid sequences of APRTs have been highly conserved throughout evolution. The human enzyme is 82%, 90%, and 40% identical to the mouse, hamster, and Escherichia coli enzymes, respectively. The promoter region of the human APRT gene, like that of several other "housekeeping" genes, lacks "TATA" and "CCAAT" boxes but contains five GC boxes that are potential binding sites for the Spl transcription factor. The distal three, however, are dispensable for gene expression. Comparison between human and mouse APRT gene nucleotide sequences reveals a high degree of homology within protein coding regions but an absence of significant homology in 5' flanking, 3' untranslated, and intron sequences, except for similarly positioned GC boxes in the promoter region and a 26-base-pair region in intron 3. This 26-base-pair sequence is 92% identical with a similarly positioned sequence in the mouse gene and is also found in intron 3 of the hamster gene, suggesting that its retention may be a consequence of stringent selection. The positions of all introns have been precisely retained in the human and both rodent genes, as has an unusual AG/GC donor splice site in intron 2. Particularly striking is the distribution of CpG dinucleotides within human and rodent APRT genes. Although the nucleotide sequences of intron 1 and the 5' flanking regions of human and mouse APRT genes have no substantial homology, they have a frequency of CpG dinucleotides that is much higher than expected and nonrandom considering the G+C content of the gene. Retention of an elevated CpG dinucleotide content, despite loss of sequence homology, suggests that there may be selection for CpG dinucleotides in these regions and that their maintenance may be important for APRT gene function.
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Adenine phosphoribosyltransferase (APRT, EC 2.4.2.7) catalyzes the formation ofAMP and inorganic pyrophosphate from adenine and 5-phosphoribosyl-1-pyrophosphate (PRPP). Its importance in metabolism probably relates to the production of adenine as a by-product of the ubiquitously distributed polyamine biosynthesis pathway (1) . Deficiency of APRT activity is inherited as an autosomal recessive condition characterized by high urinary levels of adenine and 2,8-dihydroxyadenine (DHA), which may lead to a clinically significant DHA urolithiasis appearing during childhood or at a later age (2) . The gene for human APRT has been mapped to chromosome 16 (3) at 16q24 (4). We have described the cloning of this gene and a relatively frequent Taq I restriction fragment length polymorphism within its largest intron (5) .
The APRT gene is constitutively expressed in all adult tissues with only moderate variation between different cell types (6) . APRT activity increases about 2-fold during S phase of the cell cycle (7), probably reflecting a doubling of the number of gene copies. As is the case for some other "housekeeping" genes (8), the transcription promoter of the mouse APRT gene from liver or cultured fibroblasts lacks TATA or CCAAT-like sequences but contains three CCGCCC repeats (GC boxes) that form the core of a decanucleotide sequence that can interact with Spl transcription factor (9) (10) (11) (12) .
We have determined the nucleotide sequence of the human APRT gene for several reasons. First, by distinguishing features that are conserved between our previously sequenced mouse gene (13, 14) and the Chinese hamster gene (15), we may be able to identify anatomic features that are important to their constitutive expression. Second, the sequence of a wild-type human APRT gene is necessary for our ongoing studies of mutant genes from human populations and cell cultures. Third, because of the relatively small size of APRT genes and the availability of media for selecting cells in culture that either express or fail to express APRT activity (3), APRT genes have been extensively utilized for studying mutagenesis in mammalian cells (16) (17) (18) (19) . METHODS Bacteria, Bacteriophage, and Plasmids. The previously described X clone XHuapl5 (5), which contains a 17.5-kilobase (kb) genomic insert including a functional human APRT gene, was propagated in Escherichia coli LE 392. An 8-kb HincII-EcoRI fragment and a 2.8-kb Cla I-Bgl II fragment (5) were subcloned into the polylinker of the pIBI 20 vector (International Biotechnologies, New Haven, CT), as were a Sma I fragment extending from position 1 to 752 ( Fig. 1) and a 2.2-kb BamHI fragment (5) , extending from position 602 to 2763 (Fig. 1) . All of the above subclones, which were used for nucleotide sequence determination, were maintained in E. coli JM109. Single-stranded DNA was obtained by superinfecting transformed cells with helper phage as described by Dente et al. (20) CGT GCCCGCGACCT CCGGGCGGGCGGGGCGGGAACCCT CGT CT T TCGCCCCCGGGCCCT GCT CCT TCGGCCCCGCGTCACCAGGCCT GT CCT T GGGT -C- TCCGGTCCCCAGCCCAGGACAGGCGT GACCGAGT TGCCGCGT CAGT TGCT CTCCCTGCAGT GCCCAAGCTGAATCCACAGGGCCCAGC TGCCT TGCT TCT TGT TCCT TCT GCGACCTGCCTATTGCAGCGT GCCACGAGCAGGCCT   1250  1260  1270  1280  1290  1300  1310  1320  1330  1340  1350  1360  1370  1380  1390  T CCCT GGTGCAAGAT CACGGAA TGCCCACCCAGGGAAGCCT GGAGGCT CCGGCAGAGCCCAACAGGT GGCCCACCCAGAACAGAGT GT TCCT GGCCGTCT TGCC TCTCCTAGGG TGT GACAGCCCACT CCC TGGACACT GCCC TGAG   1400  1410  1420  1430  1440  1450  1460  1470  1480  1490  1500  1510  1520  1530   1540  1550  1560  1570  1580  1590  1600  1610  1620  1630  1640  1650  1660  1670  1680 TCCCrTTTrTAGACAGAAGCCCTGGTGCAGAGCT GCCTTrT respectively. The fibroblast library was screened by colony hybridization (24) , whereas plaques produced by the HepG2 and T-ceil libraries were screened as described by Benton and Davis (25) .
DNA Sequencing and Homology Analyses. Genomic and cDNA restriction fragments were subcloned in both orientations into pIBI 20 and subjected to nucleotide sequence analysis using a modification (26) of the dideoxynucleotide chain-termination procedure (27) . Since the region between nucleotides 805 and 900 (Fig. 1) consistently yielded ambiguous results due to band compression, the sequence of both strands of this segment was confirmed by the Maxam and Gilbert method (28) . Nucleotide sequence homology searches were performed using an International Biotechnologies program based on that described by Pustell and Kafatos (29) .
RESULTS
The nucleotide sequence of the human APRT gene is displayed in Fig. 1 . The genomic sequence was determined from a series of overlapping subclones obtained from XHuapl5, which we had demonstrated by transfection to contain an entire functional human APRT gene (5) . The sequence of the coding region was confirmed by sequencing several independently isolated cDNAs retrieved from plasmid or X phage libraries. The longest cDNA sequenced extended from the 3' poly(A) site to within 17 nucleotides of the ATG translation start codon at position 568 (Fig. 1) . We deduce that translation initiates at this start codon since it is in the same reading frame as the remainder of the cDNA and since this amino terminus precisely coincides with that of mouse APRT. Though there are other potential ATG start sites further upstream, only the one at position 568 is preceded by the consensus eukaryotic initiation sequence described by Kozak (30, 31) .
Like the mouse APRT gene (14) the promoter region lacks TATA or CCAAT-like sequences. However, there are 5 GC boxes 5' to the coding region that may serve as potential binding sites for the Spl transcription factor (9-12). Since removal of DNA upstream of the Cla I site at position 413 (arrowhead in Fig. 1 ) permits efficient APRT expression, as assayed by transfection of Aprt-recipient mouse L cells (data not shown), it appears that the GC boxes distal to the a Cla I site are dispensable. The two remaining GC boxes, beginning at position 467 and position 485, respectively (Fig.  1) , are located 101 and 83 base pairs (bp) from the translation start site. This arrangement is similar to that of the mouse APRT promoter region, where the two most proximal GC boxes are 99 and 81 bp upstream from the ATG start codon (14) . Curiously, the core hexanucleotide of the Spl recognition sequence also appears four times within the first intron. Three of these sequences have an overlapping arrangement; however, only one, GGGGCGGGAA, conforms to the consensus decanucleotide sequence that apparently is required for efficient Spl binding (12) . The above sequence conforms to the consensus decanucleotide at 9 of the 10 positions, with only the 3' terminal nucleotide diverging.
Comparison ofAPRT amino acid sequences reflects strong evolutionary conservation. The human amino acid sequence, deduced from the nucleotide sequence of cloned cDNAs and the functional gene, is 82% and 90% identical to the mouse and hamster sequences, respectively (Fig. 2a) . The hamster amino acid sequence was deduced from a published nucleotide sequence (15) . Though this sequence as published lacks a sufficient open reading frame, insertion of any single nucleotide 37 bp downstream from the translation initiation site corrects the reading frame and produces a protein very similar to its human and mouse counterparts. The extent of APRT amino acid conservation is most vividly illustrated by comparison of prokaryotic and mammalian sequences. The E. coli APRT amino acid sequence (32) is about 40% identical to that of the human and rodent enzymes (Fig. 2a) .
We had previously identified an amino acid sequence conserved between several bacterial and mammalian phosphoribosyltransferases (14) . This sequence is underlined in Fig. 2a and is invariant over much of its length. Where substitutions have occurred, they are mostly neutral and isosteric. The amino acid sequence of an E. coli phosphoribosylpyrophosphate synthetase has been determined (33) and also contains at least part of this conserved sequence (Fig. 2b) . Since phosphoribosyltransferases and PRPP synthetase (in its reverse reaction) have PRPP as a common substrate, this sequence is a likely candidate for at least part of a PRPP binding site.
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Conserved nucleotides within intron 3 of human and rodent APRTgenes. The 26-nucleotide sequence from intron 3 of the human gene is presented in its entirety. Only those nucleotides that differ are shown in the mouse and hamster sequences.
The nucleotide sequence of the human APRT gene was compared to that of the mouse (14) to identify conserved sequences in noncoding regions. It is reasonable to speculate that such sequences may be important for APRT expression. As expected, the protein coding sequences are highly homologous between species. However, DNA sequences within 5' flanking and 3' untranslated regions as well as within introns are extensively diverged. Upstream divergence begins four nucleotides 5' to the ATG translation start codon and displays little significant homology, except within a region in which both genes contain two closely spaced GC boxes. Despite sequence divergence, the introns all interrupt protein coding sequences at precisely the same positions in the human and mouse genes. Interestingly, intron 2 also contains an unusual AG/GC splice donor site that is common to intron 2 of the human and both rodent species. The only conserved intron nucleotide sequences occur within intron 3, which contains two nucleotide stretches with >75% homology to similarly positioned mouse sequences. The first, which extends from position 2026 to 2055 (Fig. 1) , is homologous at 23 of 30 bp; the second (Fig. 3) , which extends 26 bp, differs at only 2 bp and its position within the gene is highlighted in Fig. 1 . Significantly, the second sequence, differing only at 5 bp, also occurs within intron 3 of the hamster gene (Fig. 3) , suggestive of a conserved function. The poly(A) signal in the human gene is AGTAAA and was present in both genomic and cDNA clones. This sequence, which differs from the canonical AATAAA (34, 35) associated with most genes, is not found in the APRT genes of either mouse or hamster.
The APRT genes display a peculiar distribution of CpG dinucleotides. The dinucleotide CpG is underrepresented in mammalian DNA but appears in clusters within the genome (36) . The distribution ofCpG dinucleotides within and upstream of the human and mouse APRTgenes is similar and nonrandom (Fig. 4) . In the human gene, there is a cluster of CpG dinucleotides, with frequencies ranging to >10 per 100 bp, that begins at least 500 bp upstream ofthe ATG translation start site and extends about 200 bp into intron 2. The extent of the CpG-rich region in the mouse gene is more restricted, beginning about 170 bp upstream of the ATG translation initiation codon and extending about 100 bp into intron 2. In both species, the remainder of the APRTgene contains fewer CpG dinucleotides than expected based on the G+C content of the gene and a random distribution. That this CpG distribution is not a reflection of G+C content and is apparently not random is demonstrated by the relatively constant GpC distribution over the length of the mouse and human genes.
DISCUSSION
Unlike most mammalian genes that have been characterized, the gene encoding APRT is constitutively expressed and subject to little, if any, regulation. It is possible, therefore, that only minimal sequence information is required for appropriate levels of APRT gene transcription. With this assumption in mind, we compared human and rodent APRT genes to detect conserved characteristics that may have functional significance. As expected, the protein coding regions of the mouse and human genes are very similar to each other. Furthermore, the E. coli enzyme is about 40% identical to the mammalian enzymes, indicating that these purine salvage enzymes have a common origin and that retention of enzymatic function imposes significant mutational constraints upon APRT genes.
There are several interesting features associated with the human and rodent APRT genes. Their organization is very similar; and though their introns have undergone extensive sequence divergence and vary somewhat in size (Fig. 4) , they share identical splice sites. The rare splice donor site AG/GC is present in intron 2 in each of the three genes rather than the almost invariant AG/GT tetranucleotide, which, with the exception of avian a-globin (37, 38) and murine a-crystalline (39) , occurs in all of the -400 vertebrate genes in the GenBank data base (40) . The high degree of conservation of the 26-bp region within intron 3 and its retention within that intron suggest that this nucleotide sequence is subject to stringent selection and possibly serves a functional role. Though it is common to find nucleotide sequence conservation within 5' and 3' flanking regions of genes from different species encoding tissue-specific proteins, or genes subject to cell cycle and/or hormonal regulation (e.g., refs. [41] [42] [43] [44] [45] , no such conservation is apparent within flanking sequences of APRT genes from different species. There is no substantial homology between >220 bp of their 3' untranslated regions or between >500 bp of their 5' flanking regions, except within a region about 100 bp upstream ofthe ATG start codon where both genes contain two closely spaced potential Spl binding sites that account for the homology.
Although the APRT genes lack functional TATA and CCAAT sequences, they are not unique in this respect. Several other genes encoding housekeeping functions have promoters (36) . In vitro methylation of the 5' end but not the 3' half of the hamster APRT gene rendered it nonfunctional (52) . Thus, it appears that the CpG-rich domain needs to be unmethylated to exert its effect. It is, therefore, plausible to speculate that in its hypomethylated state, the CpG-rich domains common to the human and murine APRTgenes may contribute to their constitutive expression.
